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(i) Non-adiabatic and time-resolved photoelectron spectroscopy for molecular systems
We quantify the non-adiabatic contributions to the vibronic sidebands of equilibrium and ex-
plicitly time-resolved non-equilibrium photoelectron spectra for a vibronic model system of
Trans-Polyacetylene. Using exact diagonalization, we directly evaluate the sum-over-states ex-
pressions for the linear-response photocurrent. We show that spurious peaks appear in the
Born-Oppenheimer approximation for the vibronic spectral function, which are not present in
the exact spectral function of the system. The effect can be traced back to the factorized nature
of the Born-Oppenheimer initial and final photoemission states and also persists when either
only initial, or final states are replaced by correlated vibronic states. Only when correlated
initial and final vibronic states are taken into account, the spurious spectral weights of the
Born-Oppenheimer approximation are suppressed. In the non-equilibrium case, we illustrate
for an initial Franck-Condon excitation and an explicit pump-pulse excitation how the vibronic
wavepacket motion of the system can be traced in the time-resolved photoelectron spectra as
function of the pump-probe delay.
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Photoemission spectroscopy and spectral function:
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Time-resolved photoemission spectroscopy
Franck-Condon excitation:
Explicit pump-pulse excitation:
4-site chain with clamped boundaries:
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Born-Oppenheimer surfaces
and double-harmonic approximation (dha):
Exact and harmonic Born-Oppenheimer energies in comparison to exact correlated energies:
state # Eexact EexactBO (e,o,a) overlap
1 -11.3414 -11.3419 1,0,0 0.9986
2 -11.2166 -11.2171 1,0,1 0.9986
3 -11.1583 -11.1588 1,1,0 0.9955
4 -11.0918 -11.0924 1,0,2 0.9986
5 -11.0336 -11.0341 1,1,1 0.9955
86 -9.5155 -9.5157 1,10,0 0.9676
87 -9.5076 -9.5078 1,8,3 0.9740
state # Eexact EharmonicBO (e,o,a) overlap
1 -11.3414 -11.3419 1,0,0 0.9986
2 -11.2166 -11.2171 1,0,1 0.9986
3 -11.1583 -11.1587 1,1,0 0.9953
4 -11.0918 -11.0923 1,0,2 0.9986
5 -11.0336 -11.0339 1,1,1 0.9953
86 -9.5155 -9.5102 1,10,0 0.8964
87 -9.5076 -9.5023 1,8,3 0.9361
Ground-state photoemission spectroscopy
Comparison of different levels of accuracy in photoemission spectroscopy:
Expansion of Born-Oppenheimer ground state into correlated eigenstates:
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Conclusions
• We observe spurious peaks in the photoelectron spectra, which appear due to the factorized
nature of the Born-Oppenheimer states.
• Vibronic wavepacket motion can be traced in the photoelectron spectrum using time-
dependent photoelectron spectroscopy.
(ii) Correlated light-matter interactions in cavity QED
In the electronic structure community, the quantized nature of the electrons is usually (approximately) incorporated, whereas the electromagnetic field is mostly treated classically. In contrast, in
quantum optics, matter is typically simplified to models with a few levels, while the quantized nature of light is fully explored. In this work, we aim at treating both, matter and light, on an equal
quantized footing.
We present exact solutions for fully quantized prototype systems consisting of atoms or molecules placed in optical one-dimensional high-Q cavities and coupled to the quantized electromagnetic
modes in the dipole coupling regime. We focus on spontaneous emission, atomic revivals and dipole-dipole coupling, all beyond the rotating-wave approximation.
Furthermore, we present first results in the development of a time-dependent density functional theory formulation of QED for correlated multi-photon configurations. Here, we focus on a two level
system coupled to one field mode, where we compare the exact TDDFT potential obtained by a fixed-point iteration [1] to the Hartree approximation of the TDDFT potential.
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Wavefunction expansion:
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Two atoms in optical 1D cavity
Multicomponent TDDFT for QED
Model system with one field mode coupled to two-level system:
Many-body Hamiltonian and initial state:
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Fixed-point iteration (M. Ruggenthaler, et. al, Phys. Rev. A 85, 052504 (2012)):
Exact vs. Hartree potential
In the weak coupling limit:
Conclusions
• Exact Fockspace propagation allows to follow spontaneous emission events in real-time.
• Even for a three-level system the time-evolution of the diagonal of the two-photon density
matrix reveals the correlated emission of two photons.
• Already in the weak coupling limit, the Hartree approximation shows clear deviations from
the exact results.
